Abstract A successful scaffold for use in tendon tissue engineering requires a high affinity for living organisms and the ability to maintain its mechanical strength until maturation of the regenerated tissue. We compared two types of poly(L-lactic acid) (PLLA) scaffolds for use in tendon regeneration, a plain-woven PLLA fabric (fabric P) with a smooth surface only and a double layered PLLA fabric (fabric D) with a smooth surface on one side and a rough (pile-finished) surface on the other side. These two types of fabric were implanted into the back muscles of rabbits and evaluated at three and six weeks after implantation. Histological examination showed collagen tissues were highly regenerated on the rough surface of fabric D. On the other hand, liner cell attachment was seen in the smooth surface of fabric P and fabric D. The total DNA amount was significantly higher in fabric D. Additionally, mechanical examination showed fabric P had lost its mechanical strength by six weeks after implantation, while the strength of fabric D was maintained. Fabric D had more cell migration on one side and less cell adhesion on the other side and maintained its initial strength. Thus, a novel form of double-layered PLLA fabric has the potential to be used as a scaffold in tendon regeneration.
Introduction
Tendons and ligaments are connective tissues, which join muscle to bone or bone to bone. Tendon or ligament injuries including flexor tendon injuries in the hand or rotator cuff tears in the shoulder are quite common and negatively impact the quality of life for those injured [10, 18] . The majority of acute tendon injuries can be treated by suturing the tendon to tendon or tendon to bone. However, primary repair of chronic tendon injuries such as massive rotator cuff repairs in the shoulder are usually impossible. To improve the clinical results in these conditions, tendon transfer or autografting using fascias or another tendon have been performed [14, 22] . However, there are some disadvantages to these techniques, for example, tendon transfer is not an anatomical reconstruction and autograft requires the sacrifice of normal tissue. To overcome these disadvantages, some nonabsorbable synthetic materials have been used in reconstruction after massive rotator cuff tear or anterior cruciate ligament injury [20, 26] . Although, using nonabsorbable synthetic materials such as polytetrafuluoroethylene (PTFE) has been reported to induce foreign body reaction or bone erosion several years after operation [15, 20] . Extracellular matrix derived from animals such as porcine small intestinal submucosa is another alternative; however, these may cause immune reactions and have the risk of zoonoses resulting from xenotransplantation [6, 12] .
Currently, some alternative therapies for tendon repair are being developed. Tissue engineering, which requires scaffolds, cultured cells and growth factors, has made innovative progress in research into musculoskeletal regeneration or orthopaedic surgery [1, 5, 21] . Funakoshi et al. reported rotator cuff regeneration using synthetic scaffolds and cultured fibroblasts and concluded that transplantation of fibroblasts had better results than using scaffold only [8] . However, these methods require two-step operations of which the first step is harvesting the stem cells and the second step is transplanting the cells. If a scaffold could induce stem cells from the surrounding tissues and cultivate the cells by itself, pre-expansion of the cells for transplantation would not be required. We postulated that certain forms of bioabsorbable scaffold can induce stem cells from the surrounding tissues and regenerate tendon defects without requiring harvesting, culture, and transplantation of stem cells. We prepared two types of bioabsorbable fabrics from synthetic poly (L-lactic acid) (PLLA) fibres and evaluated their use in a rabbit model.
Materials and methods
Preparation of PLLA fabric PLLA fibers, with molecular weight of 86,000 and diameter of 23 μm, were textured into two types of fabric. The first type was textured into plain-woven fabric (fabric P), which had a smooth surface only (Fig. 1a) . The second type was textured into a double layered structure (fabric D), which has a smooth surface on one side (Fig. 1b) and a rough (pile-finished) surface on the other side (Fig. 1c) .
Implantation of PLLA fabrics into back muscle in rabbits All the animal experiments were approved by the Animal Research Committee of Kobe University Graduate School of Medicine. Sixteen female Japanese white rabbits (2.7-3.5 kg) were used in this experiment. General anaesthesia using intravenous phenobarbital (30 mg/kg) was administered to the rabbits. The surgical area was disinfected and 3 ml of 1% lidocaine was injected subcutaneously. Longitudinal axis skin incisions were made on both sides of the back. A piece of fabric P (10×60 mm) was implanted into the back muscle on the right side, and a piece of fabric D was similarly implanted on the left side. Four rabbits were sacrificed at three and six weeks after surgery and half (10×30 mm) of each PLLA fabric was evaluated histologically while the DNA was extracted from the remaining fabric. Then the total DNA amount was measured using QIAquick DNA (QIAGEN, Hilden, Germany). Four rabbits were examined mechanically at three and six weeks after surgery.
Histological analysis
After macroscopic examination, PLLA fabric or scaffolds were fixed in 4% paraformaldehyde for 24 hours, dehydrated in graded alcohol solutions, and embedded in paraffin wax. Sagittal sections (7 μm thick) were cut through the fabrics or scaffold. Haematoxylin and eosin (H-E) and Azan staining were performed and examined by light microscopy.
Mechanical analysis
Four rabbits were sacrificed at three and six weeks after implantation and PLLA fabric was harvested immediately after sacrifice, and the end of the fabric was clamped by a specially designed device. The fabric was placed vertically to a tensile sensor (AG-I SHIMAZU Co, Kyoto, Japan). Before the tensile test was conducted, the fabric was preconditioned with a static preload of 0.5 N for five seconds, followed by ten cycles of loading and unloading at a strain amplitude of approximately 0.5% at a rate of 20 mm per minute. Immediately after preconditioning, the ultimate load to failure was recorded in uniaxial tension at 
Statistical analysis
To compare the total DNA amount of fabric D with that of fabric P, the unpaired t test was used. To compare the mechanical properties of PLLA fabric with each time point, Dunnett's test was performed. In all cases a significance level of p<0.05 was used. All data are presented as mean ± standard error (SE).
Results

Implantation of PLLA fabrics into back muscle in rabbits
All the wounds healed uneventfully. On gross appearance both fabrics were covered with thin smooth membranes.
Microscopically, some spindle shaped cells adhered to the outer surface of both PLLA fabrics, and no inflammatory reaction was seen. Three weeks after surgery, in fabric P, few cells were observed in the interstices of the PLLA fibres (Fig. 2a) . In contrast, fabric D showed some cell adhesions on the smooth side and a large amount of cell migration internally on the pile-finished side (Fig. 2b) . Six weeks after surgery, few cell migrations were seen in the interstices of the fibres in fabric P (Fig. 2c) . In fabric D, linear alignment of regenerated tissues was observed in the pile-finished side; however, a crimp pattern of collagenous fibres was not seen (Fig. 2d) . Absorption of PLLA fibres was not seen in this study. Azan staining six weeks postoperatively showed that collagenous tissue stained blue was not observed in the interstices of PLLA fibres of fabric P, although collagenous tissue regenerated around the fabric P (Fig. 3a) . On the other hand, in fabric D, some collagenous tissue was regenerated in the interstices of the pile-finished PLLA fibres and extended to the outside of the fabric (Fig. 3b) . (Fig. 4) .
Mechanical property of PLLA fabric
The ultimate failure load of fabric D was 24.3±0.9 N preoperatively, 32.0±4.2 N at three weeks and 23.6 ± 5.4 N at six weeks, and that of fabric P was 76.6±3.5 N preoperatively, 67±16.4 N at three weeks, and 44.0± 3.4 N at six weeks. The energy of fabric D was 0.28± 0.02 J preoperatively, 0.3±0.11 J at three weeks and 0.21±0.11 J at six weeks, and that of fabric P was 0.83± 0.12 J preoperatively, 0.89±0.09 J at three weeks and 0.59±0.1 J at six weeks. The change ratio of the ultimate failure load or energy was calculated by dividing the measured value of each time point by the value of preoperative data (Fig. 5a, b) . Fabric P lost 43% of the ultimate failure load and 62% of the energy by six weeks while fabric D lost 4% of the ultimate failure load and 24% of the energy. Both fabrics lost their mechanical strength; however, no significant statistical difference was observed in fabric D.
Discussion
A combination of scaffolds, cultured cells, and growth factors has been used in successful tissue regeneration [5] . The ideal scaffold should be biocompatible, highly porous, and biodegradable. It should permit cell migration and easy attachment of cells to scaffold and provide an environment that is suitable for cell proliferation and differentiation, thus allowing the cells to secrete their own extracellular matrices to form tissue-like organization, while the scaffold degrades [11] .
In tendon surgery, maintaining the initial strength of the repaired site and preventing adhesion after operation are required. To avoid these problems we consider the ideal structure of the scaffold in tendon regeneration to be less adhesive outside, have more cell migration on the reverse side, and to maintain its mechanical strength until the maturation of the regenerated matrix. We prepared a novel form of PLLA fabric as a scaffold for tendon surgery that had a smooth surface because of dense PLLA fibre wearing and a highly porous surface on the other side because of its pile-finished structure. Previous researchers have shown in in vitro studies that a highly porous scaffold has a better cell migration because of enhanced diffusion of the cultured medium into the scaffold [9, 24] . However, in an in vivo study the best porosity of scaffold may be one that changes relative to the condition. In a cartilage repair study, Ikeda et al. reported that a lower porosity of poly (DL-lactide-co- glycolide) (PLG) scaffolds inhibits cell migration and a higher porosity leads to weakness in the regenerated tissue [13] . Ozaki et al. compared three forms of PTFE scaffold (PTFE felt, fabric and mesh) and concluded that the felt type scaffold had higher cell migration than the other structures [20] .
We compared two types of PLLA fabric and implanted them into the back muscle of rabbits to select the optimal structure of PLLA fabric for our scaffold. Histologically, both fabrics showed linear cell attachment on their smooth surfaces. More spindle cells were observed in the interstices on the PLLA fibres of the pile-finished side of fabric D, compared to the smooth side of fabric D. Azan staining showed collagenous fibres extended to the outside of the fabric. The total DNA amount of fabric D was significantly higher than fabric P. This indicates that fabric D contains more cells inside. Therefore, we consider that fabric D had a tendency for preventing adhesion on its smooth surface and incorporating the surrounding cells internally because of its pile-finished structure.
As the scaffold material we chose PLLA fibre, which has a slow absorption rate. PLLA has been used in screws or rods in orthopaedic surgery [4, 23, 25] and in several studies involving tissue engineering in ligaments or tendons [7, 16, 19] . The advantages of PLLA over poly glycolic acid (PGA) or PLGA as a material for scaffold have been previously reported. Li et al. compared PLG, poly-Llactate-epsilon-caprolactone (PLC) and PLLA scaffold in vitro and concluded PLLA and PLC scaffold are the best materials for tendon regeneration because the slow absorbtion rate showed better mechanical properties [17] . Lu et al. compared three materials (PLLA, PGA and PLGA) and reported PGA scaffolds had the highest tensile strength but rapid degradation resulted in matrix disruption and cell death over time. In contrast PLLA-based scaffolds maintained their structural integrity and exhibited superior mechanical properties over time [19] . In an in vivo study, Yokoya et al. implanted three materials (PTFE, PLC, and PGA) into the joint capsules of knees and concluded that PGA was the best material for scaffold because of its faster absorbtion rate. However, they were concerned that the fast absorption rate may lead to rapid deterioration of its mechanical strength [27] . In this study, both fabrics lost their mechanical strength by six weeks postoperatively. Fabric P significantly lost its mechanical strength, on the other hand, no significant statistical difference was observed in fabric D. This result indicates that fabric D has the potential as scaffold for tendon regeneration where initial strength is important for obtaining satisfactory results.
However, there are some limitations to this study. First, the PLLA fabrics were not absorbed by six weeks. This study showed that fabric D has sufficient initial strength and migration of surrounding cells. However, some clinical experiments have shown that significant systematic or local reaction may arise because degradation products of PLLA are natural metabolites but also acidic [2, 3, 18] . In our experiments histological examination did not show any inflammatory reaction, but further examination until the PLLA fibres are absorbed should be made. Second, the fabrics did not implant into the tendons. Tensile force was not provided to the fabrics; therefore, the results of mechanical examination could not be applied to tendon regeneration research.
In conclusion, the double-layered PLLA fabric, which has a pile-finished structure on one side and smooth structure on the other side, has good cell migration on the pile-finished side and less cell adhesion on the smooth side. It also has sufficient initial strength. This novel form of double layered PLLA fabric has the potential as scaffold for tendon regeneration. 
